Large-scale suspendomes are elegant architectural structures which cover a vast area with no interrupting columns in the middle. These domes have attractive shapes which are also economical. Domes are built in a wide variety of forms. In this article, an algorithm is developed for optimum design of domes considering the topology, geometry, and size of member section using the cascade-enhanced colliding bodies optimization method. In large-scale space steel structures, a large number of design variables are involved. The idea of cascade optimization allows a single optimization problem to be tackled in a number of successive autonomous optimization stages. The variables are the optimum height of crown and tubular sections of these domes, the initial strain, the length of the struts, and the cross-sectional areas of the cables in the tensegrity system of domes. The number of joints in each ring and the number of rings are considered for topology optimization of ribbed and Schwedler domes. Weight of the dome is taken as the objective function for minimization. A simple procedure is defined to determine the configuration of the domes. The design constraints are considered according to the provisions of Load and Resistance Factor Design-American Institute of Steel Constitution. In order to investigate the efficiency of the presented method, a large-scale suspendome with more than 2266 members is investigated. Numerical results show that the utilized method is an efficient tool for optimal design of large-scale domes. Additionally, in this article, a topology and geometry optimization for two common ribbed and Schwedler domes are performed to find their optimum graphs considering various spans.
Introduction
Domes provide economical solutions to cover vast areas without intermediate columns. The shape of a dome not only provides an elegant appearance but also offers one of the most efficient interior atmospheres for human residence due to air and energy circulation.
Structural optimization aims at minimizing an objective function (usually weight or cost of the structure) under some considerations (usually stress ratio and displacements) imposed by design codes. In recent years, metaheuristic algorithms are developed and utilized in structural sizing optimization. These studies usually deal with problems which have relatively small number of variables. Discrete or continuous size optimization of large-scale, high rise, or complex structures leads to problems with large number of design variables and large search spaces and requires controlling a great number of design constraints. The huge number of involved design options often confuses an optimizer and radically decreases the potential of effective search for a high-quality solution.
Various optimization approaches have been investigated and successfully applied to optimum design of largescale structures in the recent years. Classical optimization algorithms for large-scale problems need many powerful computational systems. 1, 2 Furthermore, many of such algorithms are known as local optimizers, and their final results cannot be considered as the global optimum.
Contrary to mathematical programming algorithms, there are meta-heuristic algorithms which are often stochastic and can efficiently explore the search space of the large-scale problems. Yang et al. 3 proposed a new cooperative coevolution framework that is capable of optimizing large-scale nonseparable problems. A random grouping scheme and an adaptive weighting are introduced in problem decomposition and coevolution. Instead of conventional evolutionary algorithms, a novel differential evolution algorithm is adopted. Moreover, sharing principals are constructed to stop particles from falling into the local minimum and make the global optimal solution easier to find for the particles. Fister et al. 4 used memetic computation (MC) which is emerged recently as a new paradigm of efficient algorithms for solving the hardest optimization problems. Artificial bee colony algorithm and MC are used under the same roof. As a result, a memetic artificial bee colony (MABC) algorithm has been developed to solve large-scale global optimization problems. Self-organizing migrating algorithm with quadratic interpolation (SOMAQI) has been extended by Singh and Agrawal 5 to solve large-scale global optimization problems for dimensions ranging from 100 to 3000 with a constant population size of 10 only. This produces high-quality optimal solutions with very low computational cost and converges very fast to optimal solution. Some researchers have performed optimization on large-scale structures. Kaveh and Ilchi Ghazaan 6 and Kaveh and BolandGerami 7 used an enhanced version of the colliding bodies optimization (CBO) for large-scale truss and frame structures, respectively. Lagaros 8 presented a computing platform for real-world and large-scale structures. Aydoğdu et al. 9 improved the performance of artificial bee colony algorithm by adding Levy flight distribution in the search of scout bees and successfully applied it to large steel space frames. Aside from improving the algorithms, other methods have been proposed. In order to overcome the dilemma of using large design variables, in addition to modifying or introducing new optimization algorithms, some methods have been proposed in the literature. SobieszczanskiSobieski et al. 10 introduced a multilevel optimization and a generalized multilevel optimization which break large optimization problems into several smaller sub-problems and a coordination problem formulated to preserve the couplings among these sub-problems. Also, Charmpis et al. 11 employed the concept of cascading allowing a single optimization problem to be tackled in a number of successive autonomous optimization stages.
Prestressed space grid structures are a kind of new structural form obtained by introducing prestressing technique into traditional space grid structures. Suspendome is a new style of prestressed space grid structure which is formed by combing a single-layer reticulated shell and a tensegrity system. 12, 13 In recent years, suspended domes have been used in some large-scale engineering structures, such as Hikarigaoka Dome in Japan and Olympic Badminton Stadium of Beijing in China. A suspendome structure is constructed of a single-layer reticulated dome and a lower tensegrity system, where the latter system consists of cable-strut elements. The single-layer reticulated dome can be chosen from single-layer latticed domes such as lamella dome which has stiff elements in triangle shape to provide sufficient stiffness under external loading and be stable at the same time. In this study, a large-scale suspendome is optimized. Because of the presence of more variables such as initial strain of cables and cross-sectional area of tensegrity system, optimization of this kind of structures is time-consuming and complicated. Therefore, the cascade method is used in this study to perform the optimization using less computational time.
As mentioned above, optimization methods can be divided in two general categories: (1) mathematical programming methods that use approximation techniques to solve the optimization problem and (2) meta-heuristic algorithms that mimic some natural phenomena including biology and evolution theory. One of the major challenges in structural design is to introduce new meta-heuristic algorithms with higher potentials and simpler usages. Some popular meta-heuristic algorithms are particle swarm optimization (PSO), 14 Big Bang-Big Crunch (BB-BC), 15 charged system search (CSS), 16 and the Krill and herd optimization. 17 Water evaporation optimization 18 which mimics the evaporation of a tiny amount of water molecules on solid surfaces with different wettabilities. Recent advances in meta-heuristic algorithms can be found in a book by Kaveh. 19 The CBO was recently introduced for design of structures with continuous and discrete variables. 20 The CBO algorithm mimics the laws of collision between bodies. Each colliding body (CB) is considered as an object with specified mass and velocity before collision. After the collision, each CB moves to a new position with a new velocity. Design variables can be either continuous or discrete. In real applications, cross-sectional areas are selected from a discrete list of available values, 21 where optimum nonlinear design of lamella domes was performed. In Kang et al., 22 a simple design method for calculating prestress forces in the cables of suspendome structures is presented with studying nonlinear static, dynamic, and buckling analyses on the three different types of dome structures. In Chen et al., 23 the rationality and effectiveness of multi-node sliding cable element for both sliding and nonsliding situations were verified by considering symmetric and asymmetric loads on the suspendome.
A comparative study was carried out for the optimum design of different types of single-layer latticed domes in Kaveh and Rezaei. 24 PSO based on full stress method was presented in Liu et al. 25 for optimal design of large-scale lamella suspendomes.
This article is organized as follows: cascade optimization method is presented in section "Cascade optimization strategy." Section "Optimum design problem of domes according to LRFD" introduces optimum design of dome structures according to Load and Resistance Factor Design (LRFD) codes. CBO algorithm and its enhanced version are introduced in section "Enhanced CBO." The configuration of large-scale suspendome and single-layer domes is presented in section "Configuration of domes." In section "Geometric nonlinearity," optimal design of a largescale suspendome with the proposed approach is investigated. In section "Numerical examples," optimum topology and geometry design of single-layer domes for any logical span is investigated. Finally, some conclusions are derived in section "Concluding remarks."
Cascade optimization strategy
In this section, the cascade optimization is presented. No single optimizer can successfully solve all the structural design problems. Cascade optimization strategy was proposed to alleviate this deficiency which utilizes several optimizers or using different number of variables in the stages of optimization in which one followed by another in a specified sequence, to solve a problem. 26 Thereby, each optimization stage of the cascade procedure starts from the optimum design achieved in the previous stage (possibly perturbed). In other words, each cascade stage initiates with optimum variables of previous stage, and also the final results of current stage will be initial values for the next stage. According to the number of the stages which are considered in the process of cascade method, this substitution of variables will be continued. Another advantage of cascade method is possibility to use different optimization algorithms in each stage. 11 It means, for each stage of the cascade optimization method, one can choose different optimization algorithms. For example, using an optimization algorithm which is more capable in global search for early stages and then using local search algorithms for final stages may result in a better cascade method performance. Nevertheless, in this article, enhanced CBO is used as the optimization algorithm in all the stages of the cascade optimization. 27 
Optimum design problem of domes according to LRFD
Optimal design of domes consists of finding optimal sections for elements, optimal height for the crown, optimal number of the node in each ring, and the optimum number of rings, under the determined loading conditions. The allowable cross sections should have the diameter between 0.01 and 0.1 m to be in the range of standard steel pipe sections. The process of the optimum design of the dome structures includes introducing variables and constraints, and can be summarized as
,
where X is the vector containing the design variables of the elements, h is the variable of the crown height, and Nr is the total number of ring, respectively.
To minimize
The dome structures are subjected to the following constraints:
in which δ i is the displacement of joint i and δ imax is the permitted displacement for the ith joint. 
Interaction formula constraints
For more information about optimal design of dome structures according to the Load and Resistance Factor Design-American Institute of Steel Constitution (LRFD-AISC), refer to LRFD-AISC (1989) and Kaveh and Rezaei. 24, 29 Enhanced CBO This section introduces the enhanced colliding bodies optimization (ECBO) algorithm introduced by Kaveh and Ilchi Ghazaan 27 and applied to optimal design of domes by Kaveh and Rezaei (2016) . The flowchart of ECBO method is depicted in Figure 1 . ECBO is a new population-based stochastic optimization algorithm based on the governing laws of one-dimensional collision between two bodies from the physics (Figure 2) .
A modified version of the CBO is ECBO, which improves the CBO to obtain faster and more reliable solutions. The introduction of memory can increase the convergence speed of ECBO with respect to standard CBO. The process of optimization is terminated if the maximum number of analyses has been evaluated. For further details, the reader may refer to Kaveh and Mahdavi. 20 Furthermore, changing some components of colliding bodies will help ECBO to escape from local optima. The ECBO steps are given as follows: Step 1. Initialization
The initial positions of all CBs are determined randomly in an m-dimensional search space according to equation (5) . Where x i 0 is the initial solution vector of the ith CB. Here, x min and x max are the bounds of design variables, rand is a random vector in which each component is selected from the interval [0, 1], and n is the number of CBs
Step 2. Defining mass
The value of mass for each CB is evaluated according to equation (6) 
Step 3. Saving
Considering a memory which saves some historically best CB vectors and their related mass and objective function values can make the algorithm's performance better without increasing the computational cost. 27 Here, a colliding memory (CM) is utilized to save a number of best-so-far solutions. Therefore, in this step, the solution vectors saved in CM are added to the population, and the same number of current worst CBs is deleted. Finally, CBs are sorted according to their masses in a decreasing order.
Step 4. Creating groups
CBs are divided into two equal groups: (1) stationary group and (2) moving group ( Figure 3 ).
Step 5. Criteria before the collision
The velocity of stationary bodies before collision is zero (equation (7)). Moving objects move toward stationary objects, and their velocities before collision are calculated by equation (8) 
Step 6. Criteria after the collision
The velocities of stationary and moving bodies are evaluated using equations (9) and (10) 
where
2 and v i 0 are the velocities of the ith moving CB before the collision and the ith stationary CB after the collision, respectively; m i is the mass of the ith CB; m i n
2 is the mass of the ith moving CB; and ε is the coefficient of restitution (COR), which is defined as the ratio of the separation velocity of two agents after collision to the approach velocity of the agents before collision. For most of the real objects, ε is between 0 and 1. Therefore, to control exploration and exploitation rate, COR decreases linearly from unity to zero.
Thus, it is stated as ε = − 1 iter iter max (11) Step 7. Updating CBs
The new position of each CB is calculated by equations (12) and (13)
where x i new' and v i ' are the new position and the velocity after the collision of the ith moving CB, respectively; x i-n/2 is the old position of ith stationary CB. Also, the new position of each stationary CB is
Step 8. Escape from local optima Meta-heuristic algorithms should have the ability to escape from the trap when agents get close to a local optimum. In ECBO, a parameter like Pro within (0, 1) is introduced, which specifies whether a component of each CB must be changed or not. For each CB, Pro is compared with rn i (i = 1, 2, …, n) which is a random number uniformly distributed within (0, 1). If rn i < Pro, one dimension of the ith CB is selected randomly, and its value is regenerated as follows
where x ij is the jth variable of the ith CB. x x j min j max , , and are the lower and upper bounds of the jth variable, respectively. In order to protect the structures of CBs, only one dimension is changed. This mechanism provides opportunities for the CBs to move all over the search space, thus providing better diversity.
Step 9. Terminating condition check
The optimization process is terminated after a fixed number of iterations. If this criterion is not satisfied go to Step 2 for a new iteration.
Configuration of domes

Configuration of ribbed and Schwedler domes
A Schwedler dome, one of the most popular types of braced domes, consists of meridional ribs connected together to a number of horizontal polygonal rings. The structural data for the geometry of this form of Schwedler domes is a function of the diameter of the dome (D), the total number of rings (Nr), and the height of the crown (h). The total number of rings can be selected as 3, 4, or 5
where R is the radius of the hemisphere. The member of groups is determined in a way that rib members between each consecutive pair of rings belong to one group, diagonal members belong to one group, and the members on each ring form another group. Therefore, the total number of groups is equal to (3Nr − 2). Figure 4 shows the number of groups corresponding to rib, diagonal, and ring members. Joint coordinates of ribbed dome are exactly the same as Schwedler dome, but the difference between these domes is in their topology. The configuration of the ribbed dome can be obtained by omitting the diagonal members of Schwedler dome. For further information, one can refer to Kaveh and Rezaei. 21 
Configuration of a geodesic suspendome
The topology of a single-layer geodesic dome is shown in Figure 5 . Figure 6 illustrates the joint coordinates of the geodesic dome, when Nn = 10. As it can be seen, the number of nodes in each ring is considered as Nn multiplied by the number associated with that ring. In this article, the total number of rings (Nr) for the large-scale sample is selected as 12, and the number of nodes in the first ring (Nn) is considered equal to 12. The distances between the rings in the dome on the meridian line are generally equal. The structural data for the topology of this form of the geodesic dome is a function of the diameter of the dome (D), the total number of rings (Nr), the number of nodes in the first ring (Nn), and the height of the crown (h). The top joint at the crown is numbered as the first joint (joint number 1) which is located in the center of the coordinate system in the x−y plane, where n i is the number of the ring corresponding to node i.
The member grouping is determined in a way that members between each consecutive pair of rings belong to two groups, and the members on each ring belong to a different group. The diagonal members between the crown and the first ring are group 1, the members between ring 1 and ring 2 are groups 2 and 3, the group number of members on the ring 2 is 3, and so on. Moreover, the members on each ring constitute one group. Moreover, for considering the idea of cascading and also for reducing the number of variables, the two successive rings are considered as one group. Also, the elements which are located between two rings are considered in one group.
The configuration of elements consists of determining the start and end nodes of each element. For the first group, the start node for all elements is the joint number 1 and the end nodes are those on the first ring. The start and end nodes of elements on each ring are two consecutive nodes on that ring. As an example, the element (4, 5) belongs to the first ring group, and the elements (16, 17) and (17, 18) belong to the second ring group, as illustrated in Figure 6 . The configuration or connectivity of elements can be found by the following equations, where I and J are the start and end nodal numbers of the elements, respectively 
Also, the coordinates of other joints in each ring are obtained as follows 
The large-scale suspendome which is discussed in this study has the configuration of geodesic dome as upper part. Therefore, the configuration of the tensegrity system should be obtained considering the configuration of its upper geodesic dome. In this model, the tensegrity system is attached to the ring 11 of a singlelayer geodesic dome by vertical struts. In this connection, the struts are attached to some joints of ring 11 of the upper single-layer dome and then they are connected to each other by the ring cables, and finally, the end of the struts is connected to the joints of the outset ring of the upper geodesic dome which are also the supports of the structure.
The z coordinate of a joint i on the tensegrity system can be obtained using the following equation
where Hhoop is the length of the strut, which is the distance between the topmost layer and the tensegrity system. Also, n i is the number of rings corresponding to joint i of topmost shell and R is the radius of the hemisphere. The cables have a double function. First, the displacements of joints which exist because of the external loads are decreased. Second, the cables and struts produce force in the steel members of the upper lattice shell, which is contrary to that produced by external load for most steel members in the single-layer dome, so that the force of most steel members in the dome is decreased.
Geometric nonlinearity
OPENSEES 28 is a powerful open-source finite element software for simulating the static seismic analysis of structural. One of the outstanding characteristics of this software is possibility to consider geometric nonlinearity. However, the difference between geometric linear and geometric nonlinear analysis is just in the geometric transformation, because the elements have no internal geometric nonlinearity. The main tasks of geometric transformation object are as follows:
1. To transform global displacements to natural coordinates; 2. To transform natural forces and stiffness to global coordinates.
Numerical examples
The optimization program was compiled using the TCL language of OPENSEES which is a universal finite element software. This program has some benefits, such as accurate calculation and strong universality; moreover, the geometric nonlinearity and material nonlinearity along with the stress stiffening effect could be calculated. In this work, in the first step, a large-scale geodesic suspendome with numerous segments is considered to be optimized. For the geodesic dome, the span is 80 m, and the height of the dome can be variable or can be chosen in a way that dome be stable during the optimization process. The space between two layers of suspendome which is equal to the length of the struts is also one of the variables. Also, in the second step, two types of common domes are discussed to find the optimum height when the spans of domes are variable.
Elastic modulus, mass density, yield stress, and ultimate stress are 2.1 × 10 6 kg/cm 2 , 7850 kg/m 3 , 2400 kg/cm 2 , and 3600 kg/cm 2 , respectively. The computation is performed by a PC Core (TM) i5 2.67-GHz system. The dead load of the dome is considered as a vertical load which is applied on the joints of the dome. The maximum deflection of top node of the dome is limited to D/200 m, and the overall stability of the structure during the optimization process is checked. Thus, in this work, maximum deflection and overall stability are considered as the design constraints.
The behavior of domes is nonlinear due to the change of geometry under external loads. This behavior has two main reasons: first, because of some imperfections during the construction process and, second, due to some concentrated loads with considerable amounts.
Optimum design of large-scale geodesic suspendome
Structural optimization for structures with complex mechanical properties, and some constraints is highly a nonlinear optimization problem since weight reduction conflicts with the high value of strain in suspend structures. Moreover, determining the optimum design of large-scale structures is known as one of the difficult and complex optimization problems.
The computational model is a suspendome that has a span of 80 m. The top part of the model is a single-layer geodesic dome, which contains 12 rings and (12*Nr) joints in each ring which is increased as the number of rings is increased. For example, in the third ring of geodesic dome, 12*3 joints are located. The large-scale suspendome studied here is depicted in Figure 7 .
To investigate the real performance of this suspendome, it is subjected to dead and snow loads according to real load on the roof of the dome. The design dead load is established on the basis of the actual loads like the weight of various accessories and cladding that may be expected to act on the dome structure. The dead, snow, and wind loads are considered as 200, 800, and 200 N/m 2 , respectively. The loads are converted into equivalent point loads for each joint for the sake of simplicity. For this conversion, distributed load is multiplied by surface area of the dome. The projected area depends on the height of the dome which is taken as one of the variables in the ECBO algorithm and could be calculated using equation (21), where r is the radius of the dome and h is the height of the dome
The support system consists of one ring of hoop steel cables, radial steel cables, and struts at the lower part of the model, which attach the single layer to the tensegrity system in the bottom. The material of cables is high-strength cold drawn zinc-coated wire, the tensile strength of which is 1870 MPa. This dome structure is subjected to 1.2 kN/m 2 load. Also, the maximum deflection of the top node of the domes is limited to D / 200 m which is according to the standard design of large-scale domes.
Additionally, it is essential to mention that the suspendome structure has a complex mechanical system. Because of having this complexity, the range of its variables in designing is very important. Considering a wide range for some of its variable makes the optimization process highly time-consuming. For this reason, in this study, the initial strain of cables is considered equal to 0.0040-0.0055. The cables in suspendome should have suitable strain. This means that the initial strain should not be large because it produces excessive stresses on dome elements. Also, the length of the struts can be chosen from the range 0.5-2 m; however, it should differ according to the optimum height of the domes.
The single-layer latticed shell consists of steel tube beams that are fixed at both ends. The model periphery is arranged as a triangle circular truss; the web members which are the struts of the dome are axial tension-compression members hinged at both ends; and latticed shell members are bending members fixed at both ends, and its design tensile strength is 240 MPa.
The 2664-element suspendome problem is also utilized for testing the current method when applied to large-scale structures. For all the examples, five independent optimization runs are carried out because the meta-heuristic algorithms have stochastic nature, and their performance may be sensitive to initial population. Convergence curves are drawn in Figure 8 , and statistical results are shown in Table 1 .
Two stages with 23 and 39 design variables are considered to solve this problem. The optimization results are summarized in Table 1 . In addition, optimal ring cables, radial cables, and strut section are listed in Table 2 . It can be seen from Table 1 that the objective function value which is the volume/weight of suspendome obtained by cascade optimization procedure is 36665.94 kg that is lighter than 48918.91 kg found by noncascade procedure.
As an outstanding observation, the results showed that the proposed method was significantly faster. The required number of analyses for achieving the best design of noncascade procedure by the proposed method was decreased about 60% for the suspendome example. It can be seen from the convergence plots that the intermediate designs found by the proposed method were in general better than those found by noncascade procedure. Hence, using a multi-design variable configuration (DVC) cascade optimization is a suitable choice for solving large-scale suspendome structures (Figure 8 ).
Optimum design diagrams for ribbed and Schwedler dome for different spans
The configuration of ribbed and Schwedler domes which are discussed in this part is depicted in Figure 9 . Optimum diagrams for ribbed domes with 3, 4, and 5 rings are depicted in Figures 10-12 . The logical span according to the number of rings and also number of joints in each ring is important and should be considered for adopting the range of span which is discussed in this part. The spans of the domes are considered between 20 and 40 m, and their optimum height is obtained. The topology and geometry optimization for domes are considered to investigate the effect of the change of topology on optimum height of the domes. The dead, snow, and wind loads are considered as 200, 800, and 200 N/m 2 , respectively. Also the constraint of displacement is assumed equal to D / 200 , where D is the span of the dome, and this displacement constraint is also logical in design of the domes.
Apart from investigating the effect of topology change on optimum height with considering standard loads and constraints, these diagrams can be quite useful in quick design of domes and can be useful for further studies, because the optimum height for any topology and span is provided in this article. It should be noted that when the optimum height of a dome is found at the same time, the optimum weight/volume of dome is obtained by the algorithm.
It can be seen from Figure 10 , which shows the optimum height of ribbed domes with three rings and different topologies, the optimum height of the domes increases slightly as the number of the joints increases. But it is essential to mention that this effect is because of increasing the surface of the domes and hence increasing the loads on the domes. Also, it can be seen from Figure 10 that when the number of joints and elements in each ring of the dome is increased, the optimum height of the dome decreases. For example, when Nn is 6 for the ribbed dome with 20 m span, the optimum height of the dome is 4.1 m, while for the dome with 10 nodes in each ring, it is decreased to 3 m. Also, as another example when the Nn is equal to 10, the optimum height for the dome with 40 m span is obtained as 6.8 m by the algorithm, while for the dome with Nn = 6, it is obtained as 5.1 m.
It can be seen from Figures 11 and 12 that for the ribbed dome with four and five rings, the effect of increasing the surface of the dome and rising the indeterminacy of the domes could be observed. It means that the optimum height of the domes with different topologies, as the number of the joints and the degree of indeterminacy go up, simultaneously increase too for adopting lowest weight by the algorithm. For example, for the ribbed dome with four rings having 20 when the Nn is 6, the optimum height of the dome is obtained as about 3 m, while for the ribbed dome with 40 m span, it is increased to 10 m. Also, it is obvious that for the dome with five rings and different number of joints in each ring, the optimum diagrams are found by the algorithm with approximately constant slope which is about 16°. The behavior of single-layer domes under dead loads is almost identical. To show this similarity, the Schwedler dome, which is one of the most popular domes, is also studied to compare its optimum height, with the results of the ribbed dome ( Figure 13 ). The Schwedler dome has more elements in its frames, and its degree of indeterminacy is higher compared to ribbed dome. Also, the optimum height of the Schwedler dome increases with almost the same slope as the ribbed one. For example, for the Schwedler dome and ribbed dome with three rings and eight nodes in each ring, when the span of the dome is 30 m, the optimum height of Schwedler dome is equal to 5 m, and again, for the ribbed dome with the same geometry, it is obtained at about 5 m. As a result, it is clear that by increasing the connectivity of the dome or, in other words, changing the topology of the domes by increasing the elements when the geometry of the dome (joint coordinate) is fixed, the alteration rate of the optimum height is decreased. 
Effect of topology on optimum design under standard loading
Four different topologies of ribbed and Schwedler domes are studied in this part to compare their optimum height, weight, and convergence diagrams when they are used to cover the span with the 20 m diameter. The chosen example are the ribbed dome with three rings and six nodes, ribbed dome with four rings and six nodes, ribbed dome with five rings and six nodes, and Schwedler dome with three rings and six nodes in each ring which all have logical degree of indeterminacy and suitable joint coordinates and number of element for covering 20 m span. It is worthwhile to mention that by adding a ring to the ribbed dome, the number of the joints in the dome increases, and also some ring elements are added to the topology of the dome. But for constructing the Schwedler dome, the connectivity in the ribbed dome is increased, for example, diagonal members are added in the frames of ribbed domes. In this part, the effect of the method in changing the topology, which is done by increasing the connectivity (when the number of joints is constant) or increasing the joint number is investigated. The data for design are shown in Table 2 . It is obvious that for the ribbed domes when the number of rings increases from three to four, the optimum weight of the dome considerably decreases. Then, again, the number of rings is changed from four to five, but this time, the optimum weight is adversely increased considerably. This shows that by only increasing the number of rings/joints in the dome, one cannot find a better design.
To investigate the effect of connectivity in the dome, the Schwedler dome is optimized in the same condition. It can be seen from Table 3 , when the diagonal elements are added to the ribbed dome, the most optimum weight for the dome is obtained. Finally, the results show that when vertical loads are applied on domes by increasing the connectivity instead of increasing the joints, it is more probable to obtain lighter structure and hence more economic domes. Figure 14 shows the convergence curves of the examples which are discussed in this part. The four examples are optimum, while the number of design variables are 5, 7, 8, and 9 for three-ring ribbed, four-ring ribbed, threering Schwedler, and five-ring ribbed domes, respectively. Because of considering geometry optimization in addition to size optimization, for all of the examples, the 50 CBs and 150 iterations are utilized to find the optimal designs. As a result from Figure 14 , it is obvious that the rate of convergence in the curves is different when the number of design variables is changed.
Concluding remarks
Large-scale steel space structure optimization with design code constraints is a difficult and complex problem. In this article, the performance of multi-DVC cascade and noncascade ECBO is compared through the large-scale suspendome. The result shows that the multi-DVC cascade procedure obtains better design, and also the required number of analyses for achieving the best design of noncascade procedure by the proposed method is lower. This issue is important due to the high computational cost of the structural analysis in large-scale structures. Although ECBO algorithm has shown its efficiency in finding near-optimum solution; however, in problems of this article, it did not provide accurate results. Large number of design variables and nonlinear constraints may result in the optimizer to be trapped in local optima. In this condition, optimizer cannot find near-optimum solution. This is because finding a variable that its change leads to an improved solution, among large number of variables, is a serious challenge, and optimizer can hardly cope with such a problem.
Additionally, the ECBO is utilized for finding optimum height diagrams for optimum design of ribbed and Schwedler domes. To investigate the effect of topology change in optimum height under standard loads and constraints, these diagrams can be very useful for swift design of domes and can be useful for further studies.
The ECBO method which is one of the recent additions to stochastic search techniques of numerical optimization is used to obtain the solution of the design problems. It can be observed from the design examples of this study that the enhanced CB method can be utilized in finding the solution of optimum topology problem, where the topology, geometry, and size of the member sections in a space domes are taken as design variables.
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